The binding of chylomicron remnants rat liver plasma membranes was studied. Liver membranes bound up to 8 times more remnants than they bound chylomicrons. The remnant particle appeared to bind to the membrane as a unit. Remnant binding was greatest to liver plasma membrane; only one third as much binding was observed with whole liver homogenate, and virtually no binding occurred to erythrocyte membranes (2, 3) . The resultant particle is generally referred to as a chylomicron remnant (4). The remnant particle is then selectively removed by the liver and its constituents are metabolized further (5, 6). Previous work from this laboratory (7) and by Sherrill and Dietschy (8) has demonstrated that the remnant particle is removed as a unit by a saturable, high affinity process. This suggests that the initial event in chylomicron remnant removal could be binding of the particle to a receptor on the hepatocyte's plasma membranes. Such removal systems have been demonstrated for the low density lipoprotein in human fibroblasts (9), arterial smooth muscle cells (10), and lymphocytes (11). (4) . No more than 5 mg of cholesterol-containing chylomicrons was administered to any rat. The composition of these particles has been previously described (7); in most of the studies in this report more than 85% of the label was in the cholesterol ester of the remnant. Cholesterol/ lecithin vesicles were prepared as previously described (13).
maximal binding occurred at 27 ;&M. Competitive binding studies revealed no competition with albumin, a triglyceride dispersion, cholesterol/lecithin vesicles, very low density lipoprotein, or low density lipoprotein. Some displacement of remnant binding was observed with chylomicrons and high density lipoprotein. Binding was decreased by treatment of the membranes with trsin or the presence of heparin in the incubation medium. These studies suggest that there is a high affinity receptor for the chylomicron remnant on the surface of the hepatocyte.
It is now firmly established that chylomicron metabolism occurs in two stages. During the first stage the chylomicron is depleted of much of its triglyceride by the enzyme lipoprotein lipase (1) . In addition, changes in protein composition and membrane structure have been noted (2, 3) . The resultant particle is generally referred to as a chylomicron remnant (4). The remnant particle is then selectively removed by the liver and its constituents are metabolized further (5, 6) . Previous work from this laboratory (7) and by Sherrill and Dietschy (8) has demonstrated that the remnant particle is removed as a unit by a saturable, high affinity process. This suggests that the initial event in chylomicron remnant removal could be binding of the particle to a receptor on the hepatocyte's plasma membranes. Such removal systems have been demonstrated for the low density lipoprotein in human fibroblasts (9) , arterial smooth muscle cells (10) , and lymphocytes (11) .
The purpose of the present investigation was to demonstrate directly the existence of a receptor for the remnant (4) . No more than 5 mg of cholesterol-containing chylomicrons was administered to any rat. The composition of these particles has been previously described (7); in most of the studies in this report more than 85% of the label was in the cholesterol ester of the remnant. Cholesterol/ lecithin vesicles were prepared as previously described (13) .
Preparation of Serum Lipoproteins. The major lipoprotein classes (with densities d, given in g/ml), very low density lipoprotein (VLDL, d < 1.006), low density lipoprotein (LDL, d 1.006 or 1.019-1.063), and high density lipoprotein (HDL, d 1.063-1.210), were separated from normal human or rat serum by differential density centrifugation. A preliminary centrifugation of sera at 1.1 X 105X g for 45 min was employed to eliminate chylomicrons.
Liver Plasma Membrane Preparation and Binding Assay. A plasma membrane-enriched fraction was prepared from rat liver by the method of Neville (14) as modified by Pohl et al. (15) . Livers were minced in 0.001 M NaHCO3 buffer and homogenized in a large Dounce homogenizer with a loose-fitting pestle. The homogenate was filtered through cheesecloth and spun at 1500 X gm.. for 10 min. The pellets were rehomogenized with the Dounce homogenizer, spun, and suspended in a sucrose solution with a final concentration of 44.0% sucrose. This was overlaid with a 42.3% sucrose solution and the samples were spun in a Beckman SW 25.1 rotor at 90,000 X gm,, for 2 hr. The float was removed, resuspended in 0.001 M NaHCO3, and pelleted by spinning at 25,000 X g for 10 min. The final step was repeated twice. The preparation was assessed for membrane enrichment by assaying 5'-nucleotidase (16) and leucine aminopeptidase (17) . Contamination with other cellular organelles was assessed by measuring glucose-6-phosphatase (16) and succinate dehydrogenase (18) . The resultant membranes were 16-fold enriched in 5'-nucleotidase, 14-fold enriched in leucine aminopeptidase, and depleted in the other enzymes ( Table 1 ). The recovery of plasma membrane marker was about 6-10%. These results are comparable to the published results of others (15) Results are mean + SEM of six determinations except for leucine aminopeptidase, for which the mean of two determinations is given.
The pellet was solubilized by adding 1.0 ml of NCS (Biomed) and incubating the vials for 12 hr at 50'C in a Dubnoff shaking incubator. Liquifluor was added and the radioactivity was determined. Nonspecific binding of labeled lipoprotein to plasma membrane was determined in samples run in parallel that also contained a 100-fold greater concentration of unlabeled lipoprotein. The amount of lipoprotein cholesterol specifically bound to liver plasma membranes was calculated by subtracting the nonspecific from the total binding.
Other Chemical Assays. Cholesterol was determined by the method of Leffler (19) , triglycerides were determined enzymatically (20) , and protein was determined by the method of Lowry et al. (21) .
RESULTS

When [14C]cholesterol-containing remnants or chylomicrons
were incubated with liver plasma membranes and the mixture was spun and the material in the pellet was dissolved and assayed for radioactivity, the amount of cholesterol recovered in the pellet was always significantly greater with remnants than with chylomicrons. When 3 ;ig of lipoprotein cholesterol was included in the incubation mix, 28.3% of the remnant cholesterol was recovered with the pellet. In the presence of a 100-fold excess of unlabeled remnants only 1.3% was recovered. Thus specific binding was 27.1 ± 1.3% (mean ± SEM of six determinations). In contrast, total chylomicron binding was 6.93% with 0.63% nonspecific binding to give a total binding of 6.3 + 0.3% (mean ± SEM of six determinations).
To test whether the particle bound as a unit, lipoproteins were prepared with [14C]cholesterol and [3H]oleic acid. These were allowed to bind to the membrane and the 3H to "4C ratio was measured. With remnants the ratio was the same in the unbound and bound particles and was constant with time ( Fig.   1 ). In contrast, with chylomicrons the 3H to "4C ratio decreased with time ( Fig. 1) (Fig. 2) . Erythrocytes and glass bound only trivial amounts. With chylomicrons not only was total binding less, but no difference in apparent binding was noted between liver and erythrocyte membranes. Moreover, the binding to whole liver homogenate was not significantly less than binding to membrane. These results are consistent with the concept of a special affinity of liver plasma membranes for remnants.
The kinetics of the binding process were examined in more detail. At a fixed membrane concentration the total binding became saturated with increasing remnant concentration (data not shown). In these experiments nonspecific binding could not be precisely measured because of the large volume of unlabeled remnants required. However, at low remnant concentrations the specific binding plot was curvilinear (Fig. 3) . These data were analyzed by the method of Scatchard (22) . A straight line was obtained (Fig. 3 inset) . This is consistent with the existence of a single class of high affinity binding sites. The calculated Kd for remnant binding is lower but not dissimilar to the Km for remnant removal estimated in the perfused liver (7) . The use of low concentration, only, prevented us from determining whether low affinity sites also exist.
The specificity of the binding was investigated by incubating plasma membranes and a trace of radiolabeled remnants with albumin, pure cholesterol/lecithin dispersions, or a triglyceride emulsion (Lipomul). There was no significant displaceme-it of remnant binding by any of these substances (Fig. 4) . In contrast, increasing concentrations of unlabeled remnants displaced virtually all of the trace binding.
The specificity of the putative receptor for remnants as compared to other lipoproteins was tested by adding plasma membranes to incubations containing a trace of radioactive remnants and various concentrations of unlabeled human lipoproteins. Neither VLDL (d < 1.019 or < 1.006; the latter is not shown) significantly displaced remnant binding, nor did LDL (d = 1.019-1.063) (Fig. 5A) . HDLs (d = 1.063-1.210), shown in Fig. 5B , were somewhat more potent than LDL or VLDL in displacing remnant binding, and, surprisingly, chylomicrons were almost as potent as unlabeled remnants in displacing the binding of labeled remnants at low concentrations. Complete displacement by chylomicrons could not be achieved, however. Similar results were obtained with rat lipoproteins in numerically limited experiments (data not shown).
In addition, the effect of modification of the liver plasma membrane was studied. Pretreatment of the membrane with trypsin decreased the amount of remnant binding (Fig. 6A) , which is consistent with the concept that the membrane receptor is a protein. membrane receptor for the chylomicron remnant. It was anticipated that studies with isolated hepatocytes would be ideal for this purpose, because physiologic and binding studies could be correlated in the same preparation. However, this was not the case (ref. 25 and unpublished observations). Accordingly a plasma membrane-enriched fraction was used for binding studies (15) . In addition, these studies generally utilized lipoproteins that were labeled physiologically in the cholesterol moiety. This caused us to make several compromises. First, the exact number of particles bound could not be determined or related between classes because the amount of cholesterol per lipoprotein particle is not necessarily constant. Second, some isotope exchange may have occurred; this was especially true with chylomicrons that were not preincubated with erythrocytes (6, 7). Finally, high concentrations of remnants and membranes had to be used to give adequate radioactivity counts in the pellet. On the other hand, the particles were labeled in vivo and the problems inherent with labeling the protein in vitro were avoided.
Four approaches were used to establish that the observed binding of remnant to liver plasma membranes was of physiologic significance. First, the specificity of the binding was tested in a variety of ways. The fact that, as in vivo, there is much less binding of chylomicrons, despite their compositional and structural similarity to remnants, provides strong evidence that the binding observed was indeed special for the remnant and served as an important test of the membrane system. Failure of remnants to bind to erythrocytes or glass beads provided further evidence that the process being examined was organ specific and not an artifact (26) . Carrella and Cooper The interactions between remnants and HDL and chylomicrons were of interest. The simplest explanation for the chylomicron effect is that some of the chylomicrons were converted to remnants by lipoprotein lipase, which is known to be adherent to the remnants (5). This would be consistent with the shape of the displacement curve because only a fixed amount of displacement was obtained and it occurred even at relatively low chylomicron concentrations. The HDL effect was weak, somewhat inconsistent, and could have been the result of the exchange of some cholesterol ester between the lipoproteins. However, with both of these lipoprotein species, more complex interactions might exist either between the lipoproteins or at the binding site. In fact, it is quite possible that the receptor could recognize chylomicrons with lower affinity and their exclusion in vivo is a combination of the low affinity and exclusion from the cell surface because of their size.
Second, the binding was shown to be saturable. This was seen both in the competitive binding studies and in the kinetic studies. Third, comparison of the kinetics of the membrane system and those obtained in vivo was rewarding. In this study the finding that the Kd for binding (27 uM) was similar to, but lower than, the Km for removal of the particle provides a good indication that the binding is of physiologic significance. The higher Km values in the intact organ, 167 ,M in our previous study (7) and 50 MM in Sherrill and Dietschy's study (8) , are consistent with the removal of diffusion barriers as purer systems are used. Further physiologic confirmation of the importance of the membrane binding will have to be provided in future studies correlating removal by intact organs that have been perturbed and binding to membranes from such organs. Finally, alteration of the membrane by trypsin or heparin diminished the binding appreciably. This is additional evidence against an artifact and is similar to what occurs with LDL binding of fibroblasts (9) . It also suggests but does not prove that the membrane receptor is a protein.
The present studies provide support for the hypothesis that the plasma membrane of the hepatocyte has a high affinity receptor for the chylomicron remnant. It is anticipated that further binding studies using this system will lead to an understanding of the nature of the difference between lipoproteins that result in specific recognition by this receptor. 
